Understanding the recharge mechanisms in the vadose zone is crucial to groundwater management and artificial recharge development. In this study, a systematic characterization of seasonal groundwater recharge was done using time-lapse electrical resistivity tomography (time-lapse ERT). The objective of this study was to characterize the seasonal groundwater recharge through the vadose zone and streams. A total of six electrical resistivity surveys in two locations were taken during the dry and rainy seasons using an advanced geosciences incorporated (AGI) SuperSting R2 resistivity meter in 2018. Then, time-lapse inversion was calculated using the dry season ERT as the base model and the rainy season ERTs as the monitoring datasets. The results showed a significant decrease in inverted resistivity from the dry season to the rainy season, which suggests rainwater infiltration through the vadose zone. Similarly, significant water level rise was observed in wells monitored during the survey indicating groundwater recharge. The time-lapse ERT showed, in one case, the Nang Dak stream and the unsaturated zones are the preferential groundwater recharge zones throughout the year; in another case, the Rieng stream is the groundwater discharge zone and the vadose zone is the preferential recharge zone. Finally, a simplified conceptual hydrogeological model representing the study area is presented to visualize the recharge mechanisms in the study area.
Introduction
Groundwater is the main source of fresh water all over the world and accounts for 30% of all freshwater bodies [1] . To meet the increasing demand for fresh water, groundwater needs to be replenished. Groundwater recharge is a hydrogeological phenomenon where water from rainfall, lakes, snow melts, or streams moves downward to an aquifer and is stored as groundwater. There are two types of groundwater recharge: diffuse and focused. Diffuse recharge comes from widely distributed sources, for example a rainfall, while focused recharge comes from localized sources, for example lakes, streams, or depressions [2] . The vadose zone is the soil layer that separates the ground surface from the water saturated zone. Any water infiltration attributed to the subsurface passes through the vadose zone before it reaches the water table (saturated zone) [3] . Thus, understanding the recharge mechanisms in the vadose zone is crucial for developing and protecting groundwater resources.
Time-lapse electrical resistivity tomography (time-lapse ERT) or four-dimensional (4D) geophysics is a technique used in geoelectrical surveys to measure variations in resistivity (electrical properties of the subsurface) over time at fixed locations [4] . It provides perception of the water movement of a location by analyzing the sequence of resistivity distributions in the subsurface. The time-lapse ERT survey requires periodic measurements at a fixed location with the same command file. Time-lapse ERT utilizes the variations in inverted resistivity caused by water movement in the vadose zone. During the dry season when rainfall is scarce, the vadose zone has high electrical resistance. On the other hand, during the wet season when rainfall is abundant, the vadose zone has low electrical resistance due to the infiltration of water (electrolytic conduction). It is a non-invasive, practical, and cost-effective method for characterizing and delineating preferential recharge zones.
Time-lapse ERT has been applied in various studies involving arid and humid climates, and yielded good results in delineating and characterizing seasonal diffuse and focused recharges [3, [5] [6] [7] . Descloitres et al. [5] used time-lapse ERT and magnetic resonance sounding to characterize seasonal local recharge in the sub-humid tropical climate of western Ghats, India. The authors selected an experimental watershed along a stream, and they succeeded in delineating preferential groundwater recharge zones of the watershed and identifying the stream bed as the recharge zone for the aquifer beneath. Mojica et al. [7] applied time-lapse ERT to study seasonal rainfall infiltration in the tropical climate of the Gamboa area, Panama. Their study showed strong variation in resistivity between dry and wet seasons. Based on the change in resistivity, the researchers delineated the superficial extension of water content as well as the contribution of the stream near the study site. Time-lapse ERT coupled with soil moisture measurement was also used to characterize the Dry Creek watershed, Idaho USA. This research identified the direct association between conductivity and subsurface moisture content which may be used to identify infiltration pathways in basement rocks [6] .
Although many researchers have used time-lapse ERT for seasonal groundwater recharge characterization on the same vadose zone under different climates, we have not encountered anyone who applied time-lapse ERT on two geologically contrasting vadose zones under the same climate. In this study, we used the later approach to study the vadose zone in the Thepkasattri watershed, Phuket Island, Thailand. Our objective was to characterize seasonal groundwater recharge variation in the vadose zone consisting of alluvium and weathered/fractured granite, and to evaluate the roles of the nearby streams in groundwater recharge. Besides, we aimed to evaluate the applicability and resolution power of time-lapse ERT in such a setting where the zones have the same climate but different geology.
Materials and Methods

Site Description and Hydrogeology
The Thepkasattri watershed is located in the Thalang district of northeast Phuket Island, Thailand. The watershed has an area of 54.82 km 2 and a catchment area of around 38.79 km 2 . Tributaries originating from the surrounding mountain slopes converge on the plains of Thepkasattri with a watershed in the middle of the floodplain, as shown in Figure 1b . The tributaries from the watershed merge in the floodplain and form two main streams that merge at Choeng Thale estuary, finally draining to the Andaman Sea.
Geologically, the watershed is bounded by Mesozoic intrusive rocks of Khao Prathiu Suite, and by Kata Beach Suite granitic mountains in both the east and west. The flat plains are covered by alluvial sediments underlined by the granitic bedrock [8] . The hydrogeology of the study area is represented by an unconfined aquifer, which is further divided into two types: consolidated and unconsolidated aquifers. The unconsolidated aquifer consists of the alluvial deposit (Quaternary) called the Rayong-Satoon aquifer and is mainly found in the floodplains (central part) of the study area (see Figure 12 ). The consolidated aquifer is composed of weathered and fractured granite basement (Mesozoic). The stratigraphic section of the watershed shows that the thickness of the alluvial deposit Geologically, the watershed is bounded by Mesozoic intrusive rocks of Khao Prathiu Suite, and by Kata Beach Suite granitic mountains in both the east and west. The flat plains are covered by alluvial sediments underlined by the granitic bedrock [8] . The hydrogeology of the study area is represented by an unconfined aquifer, which is further divided into two types: consolidated and unconsolidated aquifers. The unconsolidated aquifer consists of the alluvial deposit (Quaternary) called the Rayong-Satoon aquifer and is mainly found in the floodplains (central part) of the study area (see Figure 12 ). The consolidated aquifer is composed of weathered and fractured granite basement (Mesozoic). The stratigraphic section of the watershed shows that the thickness of the alluvial deposit ranges from 0 m to 23 m and that of the weathered/fractured granite ranges from 10 m to 27 m. The geological section of the area drawn from well log data is shown in Figure 2 .
Based on groundwater specific capacity (SPC), data were computed from 504 wells; the highest groundwater potential in Phuket is found in the alluvium aquifer of the Thepkasattri watershed [9] . The groundwater level in Thepkasattri ranges from 1 m to 12 m below ground level (mbgl). Well hydrographs of the study area suggest that water table fluctuation follows the monthly variation of rainfall. The water table rises to its peak during the wet season (May to October) when rainfall is abundant, and it drops during the dry season (November to March) when rainfall is absent or scarce. In Thepkasattri, groundwater flow directions follow the topography of the area as shown in Figure  1b . The overall groundwater flow is toward the valley and then finally drains to the Andaman Sea. On Phuket Island, Thailand, freshwater demand is supplied mainly by groundwater wells (68% of the total water supply) [10] . The proper utilization and protection of this resource requires characterizing the recharge zones that depend on seasonal variations in rainfall. Furthermore, Based on groundwater specific capacity (SPC), data were computed from 504 wells; the highest groundwater potential in Phuket is found in the alluvium aquifer of the Thepkasattri watershed [9] . The groundwater level in Thepkasattri ranges from 1 m to 12 m below ground level (mbgl). Well hydrographs of the study area suggest that water table fluctuation follows the monthly variation of rainfall. The water table rises to its peak during the wet season (May to October) when rainfall is abundant, and it drops during the dry season (November to March) when rainfall is absent or scarce. In Thepkasattri, groundwater flow directions follow the topography of the area as shown in Figure 1b . The overall groundwater flow is toward the valley and then finally drains to the Andaman Sea. On Phuket Island, Thailand, freshwater demand is supplied mainly by groundwater wells (68% of the total water supply) [10] . The proper utilization and protection of this resource requires characterizing the recharge zones that depend on seasonal variations in rainfall. Furthermore, understanding the recharge phenomena helps improve artificial recharge for groundwater sustainability.
Based on data from the years 1981-2010, The mean temperature in this area ranges from 26.7 • C to 28.6 • C with maximum temperatures recorded in March and April. The mean total monthly amount of rainfall, primarily caused by the Southeast monsoon, reaches up to 361 mm in September and falls down to 24 mm in February as shown in the bar chart in Figure 4 . The line plot in Figure 4 shows the total monthly rainfall for the study year (2018), which shows a similar rainfall pattern to the average of the years 1981-2010 except for the high amount of rainfall in January (271 mm) and June (459 mm) of the study year. Overall, in comparison to the mean of the years 1981-2010, the study year was relatively wet. However, the seasonal variation of rainfall over the study year was within the mean. Total mean annual rainfalls for the years 1981-2010 and the study year 2018 were 2219 mm and 2557 mm, respectively. Based on data from the years 1981-2010, The mean temperature in this area ranges from 26.7 °C to 28.6 °C with maximum temperatures recorded in March and April. The mean total monthly amount of rainfall, primarily caused by the Southeast monsoon, reaches up to 361 mm in September and falls down to 24 mm in February as shown in the bar chart in Figure 4 . The line plot in Figure 4 shows the total monthly rainfall for the study year (2018), which shows a similar rainfall pattern to the average of the years 1981-2010 except for the high amount of rainfall in January (271 mm) and June (459 mm) of the study year. Overall, in comparison to the mean of the years 1981-2010, the study year was relatively wet. However, the seasonal variation of rainfall over the study year was within the mean. Total mean annual rainfalls for the years 1981-2010 and the study year 2018 were 2219 mm and 2557 mm, respectively.
Electrical Resistivity Survey and Data Inversion
The location of the geophysical survey lines is southwest of the study area which was chosen based on the paths of the two streams crossing the study area. Each line is aligned at an angle with its respective stream's drainage direction to investigate recharge from the stream (Figure 1c) .
The electrical resistivity tomography was carried out using an advanced geosciences incorporated (AGI) SuperSting R2 with 56 electrodes arranged in a Wenner array. The Wenner array is a symmetrical electrode configuration where the spacing between the four electrodes is equidistant ( Figure 3 ). The electrode spacing was 2.5 m in line one and 3 m in line two. The total profile lengths were 137.5 m and 165 m respectively, for the two lines. The spacing was chosen based on the availability of space and the desired depth of penetration. The details of the survey plan are given in Table 1 . 
The electrical resistivity tomography was carried out using an advanced geosciences incorporated (AGI) SuperSting R2 with 56 electrodes arranged in a Wenner array. The Wenner array is a symmetrical electrode configuration where the spacing between the four electrodes is equidistant (Figure 3 ). The electrode spacing was 2.5 m in line one and 3 m in line two. The total profile lengths were 137.5 m and 165 m respectively, for the two lines. The spacing was chosen based on the availability of space and the desired depth of penetration. The details of the survey plan are given in Table 1 . The timing of this electrical resistivity survey was chosen according to meteorological information of the area (Figure 4) . The dry season extends from October to March and the average (1981-2010) amount of rainfall during these months was 116 mm. The wet season is from May to September and the average rainfall was 254 mm. Considering the seasonal rainfall variabilities, the first ERT was done during the dry season (in March), and the second and third ERTs were done during the wet season in June and September, respectively. The timing of this electrical resistivity survey was chosen according to meteorological information of the area (Figure 4 ). The dry season extends from October to March and the average (1981-2010) amount of rainfall during these months was 116 mm. The wet season is from May to September and the average rainfall was 254 mm. Considering the seasonal rainfall variabilities, the first ERT was done during the dry season (in March), and the second and third ERTs were done during the wet season in June and September, respectively. The data from the electrical resistivity survey were inverted using EarthImager 2D inversion software developed by Advanced Geosciences Incorporated (AGI) (see Supplementary Materials). In this study, the inversion model chosen for the measured resistivity value was the least squares inversion method (L2). This model applies the L2 norm and minimizes the sum of squares of the spatial changes in the model resistivity and the data misfits. Then, the inversion model minimizes the root mean square error between the measured and inverted resistivity values [11] . Finally, the time-lapse ERT inversion was carried out using the dry season survey datasets as the base model The data from the electrical resistivity survey were inverted using EarthImager 2D inversion software developed by Advanced Geosciences Incorporated (AGI) (see Supplementary Materials). In this study, the inversion model chosen for the measured resistivity value was the least squares inversion method (L2). This model applies the L2 norm and minimizes the sum of squares of the spatial changes in the model resistivity and the data misfits. Then, the inversion model minimizes the root mean square error between the measured and inverted resistivity values [11] . Finally, the time-lapse ERT inversion was carried out using the dry season survey datasets as the base model (background data) for the wet season datasets recorded later. The output is presented as percentage changes in resistivities from the base model.
In addition, water table fluctuation data from two piezometers installed in the study area were used. The piezometers were installed in different locations, depths, and years. The first piezometer was installed by the Department of Groundwater Resources (DGR) at Wat Phra Thong in 2007 but stopped functioning in 2016, while the second piezometer was installed by Prince of Songkla University at College of Disaster Prevention and Mitigation (CDPM) in May 2018.
A Conceptual Hydrogeological Model Visualization
A conceptual hydrogeological model was prepared to visualize the recharge mechanism in the study area. The cross-section was drawn in an NW-SE direction across the two ERT profiles (Figure 1c ). The elevation data were taken from the Advanced Spaceborne Thermal Emission and Reflection Radiometer (ASTER) Global Digital Elevation Model (GDEM) captured on 11 October 2011. The hydrogeological information was analyzed from well log data and ERT results. The cross-section was drawn using AutoCAD 2017 software.
Results and Discussion
Thepkasattri Line One alongside the Nang Dak Stream
The water table fluctuation measures the groundwater level in a monitoring well caused by groundwater recharge or discharge. During the presence of rainfall, water level rise in an unconfined aquifer is a response to change in storage due to water infiltration (recharge) [12] . On the other hand, water level decline indicates discharge from an unconfined aquifer through pumping, base flow, etc. Monitoring of water level fluctuation provides information on the dynamics of recharge on a local scale that represents a spatial area of thousands of square meters [2] . In Thepkasattri, a piezometer installed by DGR was used to observe the water table fluctuation pattern. The well hydrograph was plotted against average monthly rainfall for 2015 ( Figure 5 ). The data may not be up-to-date, but the climatological information is very similar. In the study area, mean monthly temperature and humidity do not deviate much. The total annual rainfall in 2015 and 2018 was 2472 mm and 2557 mm respectively.
A Conceptual Hydrogeological Model Visualization
A conceptual hydrogeological model was prepared to visualize the recharge mechanism in the study area. The cross-section was drawn in an NW-SE direction across the two ERT profiles ( Figure  1c) . The elevation data were taken from the Advanced Spaceborne Thermal Emission and Reflection Radiometer (ASTER) Global Digital Elevation Model (GDEM) captured on 11 October 2011. The hydrogeological information was analyzed from well log data and ERT results. The cross-section was drawn using AutoCAD 2017 software.
Results and Discussion
Thepkasattri Line One alongside the Nang Dak Stream
The water table fluctuation dynamics at Wat Phra Thong station follows the rainfall variation of the study area ( Figure 5 ). The hydraulic head reached the deepest level of 4.15 m between March and April (dry season), then started to rise during the wet season and reached the peak (~1.65 m) between July and September. The relationship between water level fluctuation and rainfall suggests the dependency of recharge on the rainfall pattern of the study area. This relationship further implies significant variations in resistivity of the subsurface during the onset of wet season as anticipated. The inversion of line one ERT (alongside Nang Dak stream) is characterized by three horizons as shown in Figure 6 . The first horizon represented by blue color has a resistivity range from 4.8 Ωm to 13 Ωm (low resistivity). It is associated with water flux (demarcated by black dotted lines). In the tomography for March (Figure 6a) , the low resistivity zone does not extend up to the surface but vertically extends from 3.2 m to the bottom of the profile (demarcated by black dotted lines). The absence of this horizon up to the surface is due to the lack of rain, but the horizon can be distinguished at depth (marked by a horizontal black arrow) extending from the beginning of the profile (0 m) where the Nang Dak stream passes to the distance of 54 m. The presence of this horizon suggests that water infiltration comes from the Nang Dak stream which is located southeast of the survey line (Figure 1c) . In (b) and (c) of Figure 6 , the low resistivity horizon extends up to the surface (marked by a black arrow) which is due to superficial infiltration in response to rainfall from April to September. The effect of the Nang Dak stream water infiltration is pronounced at this time, with apparent inverted resistivity decrease (demarcated by a red dotted line). The decreasing resistivity value implies that more water flux is coming from the Nang Dak stream to the aquifer. tomography for March (Figure 6a) , the low resistivity zone does not extend up to the surface but vertically extends from 3.2 m to the bottom of the profile (demarcated by black dotted lines). The absence of this horizon up to the surface is due to the lack of rain, but the horizon can be distinguished at depth (marked by a horizontal black arrow) extending from the beginning of the profile (0 m) where the Nang Dak stream passes to the distance of 54 m. The presence of this horizon suggests that water infiltration comes from the Nang Dak stream which is located southeast of the survey line ( Figure 1c) . In (b) and (c) of Figure 6 , the low resistivity horizon extends up to the surface (marked by a black arrow) which is due to superficial infiltration in response to rainfall from April to September. The effect of the Nang Dak stream water infiltration is pronounced at this time, with apparent inverted resistivity decrease (demarcated by a red dotted line). The decreasing resistivity value implies that more water flux is coming from the Nang Dak stream to the aquifer.
The low resistivity zone located at a distance between 45 m and 75 m, and a depth from 6.4 m to the 25.7 m (demarcated by yellow dotted lines in Figure 6b ) was visible in the March profile, disappeared in June and then re-emerged in September (Figure 6 ). The inconsistency of the June profile at depth is associated with poorly fit datum points exterminated during ERT inversion (see Supplementary Materials). The bad datum points are due to high contact resistance between the electrode and ground or bad electrodes. The number of iterations used to fit measured and predicted resistivity was eight. Fitting the measured resistivity with predicted resistivity was somewhat difficult ( Table 2 ). The low resistivity zone located at a distance between 45 m and 75 m, and a depth from 6.4 m to the 25.7 m (demarcated by yellow dotted lines in Figure 6b ) was visible in the March profile, disappeared in June and then re-emerged in September (Figure 6 ). The inconsistency of the June profile at depth is associated with poorly fit datum points exterminated during ERT inversion (see Supplementary Materials). The bad datum points are due to high contact resistance between the electrode and ground or bad electrodes. The number of iterations used to fit measured and predicted resistivity was eight. Fitting the measured resistivity with predicted resistivity was somewhat difficult (Table 2) . The second major horizon represented by green and yellow colors has resistivity ranging from 20 Ωm to 114 Ωm (medium resistivity). This layer associated with alluvial deposits consists of clayey sand and sandy gravel. The top part of this horizon has an undulating shape due to surficial water infiltration.
The third horizon is the most resistive layer (demarcated by a blue dotted line) located at 97 m to the end of the profile distance, and vertically from 6.2 m to 19.3 m (Figure 6 ). The resistivity of this layer ranges from 200 Ωm to 550 Ωm. The resistive body located at distances from 105 m onwards might be a 3D artifact associated with minor elevation change [3] , or it might be due to dry or impermeable rock.
Thepkasattri Line Two Alongside the Rieng Stream
A piezometer coupled with rain gauge installed in May 2018 at CDPM station was used to observe water table fluctuation pattern during the ERT survey time. The piezometer recorded water level and rainfall on an hourly basis throughout the day. The well hydrograph along with the variation of rainfall in the study area is shown in Figure 7 . It is apparent from the figure that there is an association between water level rise and the amount of rainfall. Water level started to rise in May, corresponding to the onset of the rainy season reaching peak value of 3.6 m (bgl) at the end of the season. The peak water level corresponds to the highest rainfall recorded in September and October. This association further indicates that recharge is episodic and it depends on the amount of rainfall and the hydraulic property of the vadose zone. The second major horizon represented by green and yellow colors has resistivity ranging from 20 Ωm to 114 Ωm (medium resistivity). This layer associated with alluvial deposits consists of clayey sand and sandy gravel. The top part of this horizon has an undulating shape due to surficial water infiltration.
The third horizon is the most resistive layer (demarcated by a blue dotted line) located at 97 m to the end of the profile distance, and vertically from 6.2 m to 19.3 m (Figure 6 ). The resistivity of this layer ranges from 200 Ωm to 550 Ωm. The resistive body located at distances from 105 m onwards might be a 3D artifact associated with minor elevation change [3] , or it might be due to dry or impermeable rock.
A piezometer coupled with rain gauge installed in May 2018 at CDPM station was used to observe water table fluctuation pattern during the ERT survey time. The piezometer recorded water level and rainfall on an hourly basis throughout the day. The well hydrograph along with the variation of rainfall in the study area is shown in Figure 7 . It is apparent from the figure that there is an association between water level rise and the amount of rainfall. Water level started to rise in May, corresponding to the onset of the rainy season reaching peak value of 3.6 m (bgl) at the end of the season. The peak water level corresponds to the highest rainfall recorded in September and October. This association further indicates that recharge is episodic and it depends on the amount of rainfall and the hydraulic property of the vadose zone. The inversion result of line two alongside the Rieng stream shows that the tomography is dominated by two horizons as shown in Figure 8 . The low resistivity zone is represented by green and irregularly distributed blue colors (demarcated by black dotted lines). The resistivity in this zone ranges from 9.5 Ωm to 100 Ωm. The zone extends to a depth of 23.1 m at a 36 m distance, and from that distance the layer pinches out. At distances of 139 m to 157 m, the layer was found only to a depth of 7.7 m in all profiles. This zone is associated with the weathered part of granite bedrock functioning as an aquifer. However, the zone slightly increased vertically in the June to September profiles, and this change is associated with moisture movement in the vadose zone. The inversion result of line two alongside the Rieng stream shows that the tomography is dominated by two horizons as shown in Figure 8 . The low resistivity zone is represented by green and irregularly distributed blue colors (demarcated by black dotted lines). The resistivity in this zone ranges from 9.5 Ωm to 100 Ωm. The zone extends to a depth of 23.1 m at a 36 m distance, and from that distance the layer pinches out. At distances of 139 m to 157 m, the layer was found only to a depth of 7.7 m in all profiles. This zone is associated with the weathered part of granite bedrock functioning as an aquifer. However, the zone slightly increased vertically in the June to September profiles, and this change is associated with moisture movement in the vadose zone. The most conductive zone (dark to light blue color) with resistivities from 9.5 Ωm to 40 Ωm shows variations in shape across the three dates (March, June, and September). The variation is prominent in the June and September profiles as shown in the three tomographies (Figure 8 , demarcated by black dotted lines). The overall variation of the zone indicates water flux movement. At the distance of 81 m (marked by red arrow), the zone extends from 3 m depth in March to around 12 m depth in September. The extension of the low resistivity indicates the vertical movement of water in the vadose zone. Similarly, the low resistivity horizon shows variation between 18 m and 68 m distance (marked by inclined black arrows), indicating water infiltration both vertically and horizontally. In this profile, there is a crescent shape conductive zone associated with preferential flow from the vadose zone at 18 m marked by vertical black arrows in (b) and (c) of Figure 8 . The resistivity changes in the profiles indicate groundwater flow into the Rieng stream located on the left parts of the profiles. In this area, the average groundwater level is 4.0 m (bgl), varying by about 1 m below or above the Rieng stream bed, depending on the season. This implies that groundwater is discharging as a base flow through the Rieng stream.
The second dominant zone represented by yellow/red color and demarcated by a blue dotted line has resistivity range from 200 Ωm to 825 Ωm. This zone dominates the left side of the profile. The horizon regularly extends from 40 m to 165 m. This zone is interpreted to represent granite bedrock and can be easily identified in the well log data and resistivity log ( Figure 2 and Figure 9b ). The most conductive zone (dark to light blue color) with resistivities from 9.5 Ωm to 40 Ωm shows variations in shape across the three dates (March, June, and September). The variation is prominent in the June and September profiles as shown in the three tomographies ( The second dominant zone represented by yellow/red color and demarcated by a blue dotted line has resistivity range from 200 Ωm to 825 Ωm. This zone dominates the left side of the profile. The horizon regularly extends from 40 m to 165 m. This zone is interpreted to represent granite bedrock and can be easily identified in the well log data and resistivity log (Figures 2 and 9b ). The use of resistivity log is helpful in outlining the geologic layers and active zones characterized by major resistivity change in monitoring datasets [13] . As Alamry et al. [13] reported the top soil is characterized by uneven resistivity distribution indicating vegetation soil interaction, while the active zone represents uniform resistivity change throughout the survey dates, indicating water movement. Therefore, a resistivity log at a distance of 81 m (marked by the red arrow in Figure 6 and Figure 8 ) was extracted to confirm the geological layers and demarcate the active zone represented by significant variations in resistivity. The resistivity log of line one is shown in Figure 9a ; the top soil is characterized by variable resistivity associated with the variability of water saturation due to evapotranspiration. The thickness of this layer is around 5 m. The second layer is the active zone characterized by major resistivity change among the three dates. This layer has a thickness of 17 m, and beyond that depth, the resistivity log does not show a significant difference among the three dates.
The resistivity log for line two at a distance of 81 m is shown in Figure 9b . The top soil represented by variable resistivity value has a thickness of around 3 m. The active zone is much thinner in line two than line one, which is due to the high permeability, and the porosity zone is thicker in line one. In both resistivity logs, the layer below the active zone is characterized by almost no resistivity change, indicating the bedrock. 
Line One Time-Lapse ERT
Time-lapse inversion was done using EarthImager 2D 2.4.4 following the standard procedures in the manual [14] . The Smooth model inversion was used for all time-lapse ERT inversions. The time-lapse ERT data were inverted by setting the dry season profile as the base model for the The use of resistivity log is helpful in outlining the geologic layers and active zones characterized by major resistivity change in monitoring datasets [13] . As Alamry et al. [13] reported the top soil is characterized by uneven resistivity distribution indicating vegetation soil interaction, while the active zone represents uniform resistivity change throughout the survey dates, indicating water movement. Therefore, a resistivity log at a distance of 81 m (marked by the red arrow in Figures 6 and 8 ) was extracted to confirm the geological layers and demarcate the active zone represented by significant variations in resistivity. The resistivity log of line one is shown in Figure 9a ; the top soil is characterized by variable resistivity associated with the variability of water saturation due to evapotranspiration. The thickness of this layer is around 5 m. The second layer is the active zone characterized by major resistivity change among the three dates. This layer has a thickness of 17 m, and beyond that depth, the resistivity log does not show a significant difference among the three dates.
The resistivity log for line two at a distance of 81 m is shown in Figure 9b . The top soil represented by variable resistivity value has a thickness of around 3 m. The active zone is much thinner in line two than line one, which is due to the high permeability, and the porosity zone is thicker in line one. In both resistivity logs, the layer below the active zone is characterized by almost no resistivity change, indicating the bedrock.
Time-lapse inversion was done using EarthImager 2D 2.4.4 following the standard procedures in the manual [14] . The Smooth model inversion was used for all time-lapse ERT inversions. The time-lapse ERT data were inverted by setting the dry season profile as the base model for the following June and September profiles, as recommended by Miller et al. [6] . Finally, the inversion produces a percentage difference in resistivity between the base and monitoring datasets.
Time-lapse ERT inversion of line one from March to June and March to September are shown in Figure 10 . On the right side of both profiles, up to a distance of 135 m, there are strong resistivity decreases from −50% to −100% (demarcated by black dotted lines). The strong resistivity change extends from the surface to the bottom of the profile. The change implies water infiltration through the vadose zone during the rainy season; the percentage variation in resistivity indirectly indicates the volume of water occupying the pore spaces [6] . The consistency of the time-lapse ERT in both dates indicates infiltration from the surface, and the Nang Dak stream is the preferential recharge zone for the aquifer. The preferential recharge zones are regularly connected with the bottom aquifer throughout the profile, forming funneled flow. Superficially continuous resistivity decrease throughout the profile in the sedimentary vadose zone is also reported by Mojica et al. and Zhang et al. [7, 15] . The nature of the preferential flow suggests the hydraulic heterogeneity of the alluvial deposit. However, in (Figure 10b ) the preferential flow occurs as patches to a depth of 9.6 m. This irregularity is associated with artifacts caused by the relocation of electrodes and bad datum points.
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of water occupying the pore spaces [6] . The consistency of the time-lapse ERT in both dates indicates infiltration from the surface, and the Nang Dak stream is the preferential recharge zone for the aquifer. The preferential recharge zones are regularly connected with the bottom aquifer throughout the profile, forming funneled flow. Superficially continuous resistivity decrease throughout the profile in the sedimentary vadose zone is also reported by Mojica et al. and Zhang et al. [7, 15] . The nature of the preferential flow suggests the hydraulic heterogeneity of the alluvial deposit. However, in (Figure 10b ) the preferential flow occurs as patches to a depth of 9.6 m. This irregularity is associated with artifacts caused by the relocation of electrodes and bad datum points. The resistive layer represented by the yellow to red color and demarcated by the brown dotted line shows a strong resistivity increase by 50% to 100%. In Figure 10a , a resistive body is located at distances from 48 m to 72 m and vertically from 12.8 m to the bottom of the profile (demarcated by brown dotted lines). This layer later disappeared in the March-September time-lapse inversion (Figure 10b ). This implies that the resistive layer is caused by bad datasets in the June profile as described in Section 3.1. In addition, in Figure 10a , an increase in resistivity is shown at a 75 m distance and between 1 m to 6.4 m deep, and, in Figure 10b , irregularly distributed from 22 m to 97 m distances and 9.6 m deep. The increase in resistivity is associated with a time-lapse inversion artifact caused by moisture contrast between the dry and wet season. The inversion artifacts are false results caused by the inversion model's incapability to fit the contrasting resistivity values during time-lapse inversion [4] . In addition, there is a resistivity decrease at depth in both time-lapse ERT that might be due to enrichment in the ionic concentration of groundwater [16] . On the other hand, it might be due to the effect of the overlying material electrical property or poor model resolution at depth [15] [16] [17] [18] . The resistive layer represented by the yellow to red color and demarcated by the brown dotted line shows a strong resistivity increase by 50% to 100%. In Figure 10a , a resistive body is located at distances from 48 m to 72 m and vertically from 12.8 m to the bottom of the profile (demarcated by brown dotted lines). This layer later disappeared in the March-September time-lapse inversion (Figure 10b ). This implies that the resistive layer is caused by bad datasets in the June profile as described in Section 3.1. In addition, in Figure 10a , an increase in resistivity is shown at a 75 m distance and between 1 m to 6.4 m deep, and, in Figure 10b , irregularly distributed from 22 m to 97 m distances and 9.6 m deep. The increase in resistivity is associated with a time-lapse inversion artifact caused by moisture contrast between the dry and wet season. The inversion artifacts are false results caused by the inversion model's incapability to fit the contrasting resistivity values during time-lapse inversion [4] . In addition, there is a resistivity decrease at depth in both time-lapse ERT that might be due to enrichment in the ionic concentration of groundwater [16] . On the other hand, it might be due to the effect of the overlying material electrical property or poor model resolution at depth [15] [16] [17] [18] .
Line Two Time-Lapse ERT
Time-lapse ERT inversions of line two data for March to June and March to September comparisons are shown in Figure 11 . These profiles are dominated by less than 75% resistivity decreases demarcated by black dotted lines. These strong resistivity changes are associated with the first rainfall in the rainy season. In Figure 11a , the resistivity decrease is attributed to preferential recharge zones located between 27 m and 122 m distance. Similarly, the consistency of those preferential recharge zones is observed in the March to September time-lapse inversion as well. The presence of consistent preferential recharge zones supports the concept that recharge in weathered/fractured granite is mainly controlled by slowly moving wetting fronts and well-connected fractures [19] . The top part of the tomography is characterized by unstable flow concentrated into conductive fingers in March to June time-lapse ERT (Figure 11a (Figure 11b) . At an 81 m distance, the wetting front is penetrating vertically downward to a depth of around 29 m, indicating a well-connected fracture zone. Similarly, in all distances marked by a black arrow, the infiltrated water follows uniform pathways (preferential recharge zones) to reach the other parts of the profile. This implies structurally controlled infiltration pathways typical of fractured hard rocks [18] [19] [20] . Robert et al. [21] also found structurally controlled preferential recharge zones in an investigation done in fractured/karstified limestones (southern Belgium). The study was done by injecting salt tracer to map flow paths using time-lapse ERT. The complicated preferential flow in the vadose zone is associated with textural heterogeneity and hydraulic properties of the weathered granite layer [22] .
recharge zones located between 27 m and 122 m distance. Similarly, the consistency of those preferential recharge zones is observed in the March to September time-lapse inversion as well. The presence of consistent preferential recharge zones supports the concept that recharge in weathered/fractured granite is mainly controlled by slowly moving wetting fronts and wellconnected fractures [19] . The top part of the tomography is characterized by unstable flow concentrated into conductive fingers in March to June time-lapse ERT (Figure 11a ). Then some conductive fingers become preferential recharge zones (marked by black arrow at X = 27 m, 54 m, 63 m, 81 m, 104 m, 135 m and 157 m) in the March to September time-lapse ERT (Figure 11b) . At an 81 m distance, the wetting front is penetrating vertically downward to a depth of around 29 m, indicating a well-connected fracture zone. Similarly, in all distances marked by a black arrow, the infiltrated water follows uniform pathways (preferential recharge zones) to reach the other parts of the profile. This implies structurally controlled infiltration pathways typical of fractured hard rocks [18] [19] [20] . Robert et al. [21] also found structurally controlled preferential recharge zones in an investigation done in fractured/karstified limestones (southern Belgium). The study was done by injecting salt tracer to map flow paths using time-lapse ERT. The complicated preferential flow in the vadose zone is associated with textural heterogeneity and hydraulic properties of the weathered granite layer [22] . The resistivity increased from 5% to 50% in a layer that mainly occurs at the top part of the profile and the left side of the profile from a distance of 9 m to 40 m and at depths from 3 m to 21 m. This layer is associated with a low permeability body that is part of the granite bedrock. Then, later on, the time-lapse ERT of March to September shows that the layer seems to decrease vertically by 4 m due to deep percolation of water. Furthermore, there is a resistive body characterized by 70% to 100% resistivity increase found between the top surface and 11 m depth (demarcated by a brown dotted lines). This resistive layer is an inversion artifact associated with changes in moisture content or with the relocation of electrodes during those dates [4, 6, 7] .
The resistivity variations between dry and wet seasons are much higher for line one than for line two. There was around 100% resistivity decrease in line one, while in line two there was a 75% decrease. Based on petrophysical transformation, the change in resistivity (electrical conductivity) The resistivity increased from 5% to 50% in a layer that mainly occurs at the top part of the profile and the left side of the profile from a distance of 9 m to 40 m and at depths from 3 m to 21 m. This layer is associated with a low permeability body that is part of the granite bedrock. Then, later on, the time-lapse ERT of March to September shows that the layer seems to decrease vertically by 4 m due to deep percolation of water. Furthermore, there is a resistive body characterized by 70% to 100% resistivity increase found between the top surface and 11 m depth (demarcated by a brown dotted lines). This resistive layer is an inversion artifact associated with changes in moisture content or with the relocation of electrodes during those dates [4, 6, 7] .
The resistivity variations between dry and wet seasons are much higher for line one than for line two. There was around 100% resistivity decrease in line one, while in line two there was a 75% decrease. Based on petrophysical transformation, the change in resistivity (electrical conductivity) can be related to the degree of water saturation. As the Miller et al. [6] study in Dry Creek watershed has shown, an increase in electrical conductivity corresponds to an increase in water saturation. Therefore, it can be inferred that the degrees of saturation in both locations are different. Geologically, the vadose zone in line one is an alluvial deposit and is weathered/fractured granite in line two (Figure 2 ). This indicates that in weathered and fractured granite, the recharge is controlled by slowly draining wetting fronts (flow paths) as revealed in the three tomograms and time-lapse ERT (see Figures 8 and 11 ). Structurally controlled wetting fronts are also identified in hard rocks by previous researchers [3, 19] . As Arora et al. [3] reported, in vadose zones consisting of fractured/weathered granite, water movement is both horizontal and vertical. The result was further confirmed by self-potential survey and in situ soil moisture profiling.
Furthermore, the interannual change in the well hydrograph correlates considerably with interannual rainfall pattern of the study area. In addition, time-lapse ERT shows strong seasonal resistivity variation in the vadose zone, indicating water infiltration during the rainy season. The relationship suggests that groundwater recharge is dependent on the annual rainfall pattern of the study area [23, 24] . As Wu et al. [23] investigated, the relationship between annual recharge and rainfall is significant for shallow groundwater depths, which is the case in the Thepkasattri watershed.
A Conceptual Hydrogeological Model
Based on the hydrogeological information of the study area and the time-lapse ERT result, a conceptual hydrogeological model was drawn along an NW-SE cross-section to visualize the recharge mechanism in the study area (Figure 1c) . The hydrogeological information was taken from groundwater data provided by DGR, ERT results, and field observation. The thickness of the geological layers is not to scale; it was inferred based on well log and field observation. Then the available information was used to make the conceptual hydrogeological model using AutoCAD 2017 software (Figure 12 ). the vadose zone in line one is an alluvial deposit and is weathered/fractured granite in line two (Figure 2 ) . This indicates that in weathered and fractured granite, the recharge is controlled by slowly draining wetting fronts (flow paths) as revealed in the three tomograms and time-lapse ERT (see Figures 8 and 11 ). Structurally controlled wetting fronts are also identified in hard rocks by previous researchers [3, 19] . As Arora et al. [3] reported, in vadose zones consisting of fractured/weathered granite, water movement is both horizontal and vertical. The result was further confirmed by selfpotential survey and in situ soil moisture profiling.
Based on the hydrogeological information of the study area and the time-lapse ERT result, a conceptual hydrogeological model was drawn along an NW-SE cross-section to visualize the recharge mechanism in the study area (Figure 1c) . The hydrogeological information was taken from groundwater data provided by DGR, ERT results, and field observation. The thickness of the geological layers is not to scale; it was inferred based on well log and field observation. Then the available information was used to make the conceptual hydrogeological model using AutoCAD 2017 software ( Figure 12 ). A conceptual hydrogeological model of the study area shows the topographic highs including the stream passing nearby line one are groundwater recharge areas. Generally, the topographic highs in the study have a gentle slope favorable for diffuse recharge [2] . The topographic lows near line two are groundwater discharge zones as base flow.
Seasonal groundwater recharge in the Thepkasatri watershed varies based on the geology of the vadose zone and rainfall pattern. The time-lapse ERT in both locations further suggests that water movement is mainly controlled by hydraulic heterogeneity and fracture pattern of the vadose zone.
Conclusions
Time-lapse ERT coupled with well hydrograph was applied to investigate the seasonal groundwater recharge variations in the Thepkasattri watershed. Time-lapse ERT is a non-destructive method and provides information on spatial and temporal variations of water infiltration in the vadose zone. Water table fluctuation observation and well log data were used to determine recharge variation throughout the seasons and provide subsurface geological information, respectively. The A conceptual hydrogeological model of the study area shows the topographic highs including the stream passing nearby line one are groundwater recharge areas. Generally, the topographic highs in the study have a gentle slope favorable for diffuse recharge [2] . The topographic lows near line two are groundwater discharge zones as base flow.
Time-lapse ERT coupled with well hydrograph was applied to investigate the seasonal groundwater recharge variations in the Thepkasattri watershed. Time-lapse ERT is a non-destructive method and provides information on spatial and temporal variations of water infiltration in the vadose zone. Water table fluctuation observation and well log data were used to determine recharge variation throughout the seasons and provide subsurface geological information, respectively. The integration of hydrogeological and geophysical data in the study area was useful for ERT interpretation. The time-lapse ERT method also has limitations that require care during data interpretations. These are artifact generation during inversion and relocation of electrodes [4, 6] . The well hydrograph of the area indicates recharge is seasonal and dependent on the rainfall pattern. Similarly, the seasonal variations in groundwater recharge (moisture content) in the time-lapse ERT are expressed as differences in resistivity between the base model and the monitoring datasets. In line one and line two of the tomography, strong seasonal resistivity variations were observed in the vadose zone. The maximum resistivity decrease in line one reaches around 100%, while in line two it was 75% or less. The decrease in resistivity is strongly related to infiltration from rainfall during the rainy season. Based on the water table fluctuation datasets and time-lapse ERT, the aquifer replenishment in the study area is mainly caused by superficial water infiltration that depends on the rainfall pattern of the study area. This study demonstrated applicability and utilization of time-lapse ERT method to visualize moisture variation in soil and to identify preferential recharge zones. The well-resolved time-lapse images in two contrasting unsaturated zones further indicate the potential of the method to provide noninvasive spatiotemporal moisture variation in the vadose zone.
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